Abstract-
include p-i-n photodiodes with heterojunction bipolar transitor (HBT)-based amplifiers [1] , [2] , p-i-n photodiodes with HEMT-based amplifiers [3] , [4] , and metal-semiconductormetal photodetectors (MSM-PD's) coupled to HEMT-based amplification circuitry [5] [6] [7] .
For very high-speed applications, the MSM-PD has an advantage over p-i-n photodiodes since the areal capacitance of an MSM-PD is lower than that of a comparably sized pi-n photodiode due to its interdigitated electrode geometry [8] . As a result, very large bandwidths can be achieved with MSM-PD's without resorting to the use of very small lateral detector dimensions. Consequently, the fiber-to-detector alignment tolerances can be greatly relaxed. Photoreceivers consisting of MSM's integrated with HEMT's on InP suitable for use with 1.55 m wavelength light have been demonstrated by several groups [5] , [6] , but until quite recently the achievable bandwidths have been limited to less than 10 GHz. We recently reported an integrated photoreceiver with a 3 dB cutoff frequency of 18.5 GHz [7] , which shows progress toward realizing the potential of MSM-PD based photoreceivers for very high-speed operation.
In this work, we examine two approaches to monolithic integration of MSM-PD's with HEMT's on InAlAs/InGaAs/InP heterostructures, and the impact that the choice of integration approach has on the performance of the MSM-PD's and HEMT's is evaluated. The fabrication processes developed for the monolithic photoreceivers, the device models used for circuit design, and the measured performance of the photoreceivers are also discussed. An examination of the effects of MSM-PD area and electrode geometry on overall photoreceiver performance is also included.
II. FABRICATION PROCESS
Integration of MSM-PD's with HEMT's has been achieved using several approaches. Chang et al. [6] used growth on a patterned substrate to produce a nearly planar structure in which the HEMT layers are grown first, followed by the MSM layers. Fuji et al. [5] also used a stacked-layer structure approach, although in this case the MSM layers were grown first, and the HEMT structure was grown on top of the MSM layers. As a result, the MSM absorbing layer is beneath the active devices and all of the circuit interconnects. This stackedlayer approach has the advantage of not requiring the more complicated processing due to a nonplanar substrate, but the 0733-8724/97$10.00 © 1997 IEEE microwave performance of the HEMT's is compromised due to the presence of the underlying InGaAs MSM layers. In the present work, two different approaches for integrating MSM-PD's with HEMT's were investigated. The first, which is similar to that used by Fuji et al., has the MSM layers grown first, followed by the HEMT epilayers. Between the MSM layers and the HEMT layers, a semi-insulating layer of ferrousdoped InP was used to provide vertical isolation between the two devices. Since in this structure the HEMT is above the MSM layers, it will be referred to as the HEMT/MSM structure. For the second integration approach, the HEMT layers are grown first, followed by a semi-insulating barrier layer of ferrous-doped InP and concluding with the MSM layers, resulting in an MSM/HEMT structure. Cross-sectional diagrams of the heterostructures for the two approaches are shown in Fig. 1 . As can be seen in Fig. 1 , the HEMT and MSM portions of the layer structures have been kept identical; only the order in which the device layers are grown is changed between the two structures. Control HEMT's and MSM's were also fabricated for comparison with those made using the integrated structures. All of the heterostructures in this work were grown in a single uninterrupted organometallic vapor phase epitaxy (OMVPE) growth sequence on planar InP substrates to avoid the processing complications associated with regrowth or growth on patterned substrates. Van der Pauw measurements were made of the control HEMT structure, as well as of the HEMT portion of the HEMT/MSM and MSM/HEMT structures, at both room temperature and 77 K. The mobilities and sheet carrier densities obtained from these measurements are summarized in Table I . An examination of Table I suggests that although the layers are not quite identical, they are similar enough that any significant variation between HEMT's fabricated on the different structures can be attributed to the position of the HEMT layers relative to the MSM layers in the growth sequence, rather than to differences in material quality or layer thicknesses within the HEMT portion of the layer structures.
To compare the device performance of the two integration schemes outlined above, discrete HEMT's and MSM-PD's were fabricated on the control structures as well as the MSM/HEMT and HEMT/MSM heterostructures. The fabrication processes used for HEMT's consist of mesa isolation using citric acid/hydrogen peroxide wet etch solutions, ohmic contacts with AuGe/Ni/Au contact metal, and Ti/Au Schottky contacts for the gates. The gates were defined with a mushroom-shaped cross section to reduce gate resistance and were fabricated using a three-layer PMMA/P(MMA-MAA) resist structure. The gate length was 0.2 m. HEMT gate recess was performed using a highly selective citric acid/hydrogen peroxide wet etch solution. The inclusion of a pseudomorphic AlAs etch-stop layer into the otherwise lattice-matched heterostructure greatly enhances the uniformity and repeatability of the obtained threshold voltage. The MSM-PD's are fabricated using Ti/Au Schottky contacts. A PECVD-deposited SiN layer serves both as an optical antireflection coating and a passivation layer for the HEMT's and MSM-PD's. For the photodetectors fabricated on the MSM/HEMT layer structure, the MSM-PD's were also mesa isolated using citric acid/hydrogen peroxide wet etch solutions. These wet etches were selected for their crystallographic etch profiles; the etch profile obtained consists of 111 planes for the mesa sidewalls. As a result of the 54.7 sidewall angle, interconnect metal can be run directly from the electrodes on the top of the detector mesa to the bottom of the detector mesa over the SiN passivation layer without the need for airbridges or additional planarization steps.
III. DEVICE PERFORMANCE

A. MSM-PD
In order to evaluate the effects of integration on the performance of the photodetectors, MSM-PD's with 1 m electrode widths and 1 m interelectrode spacings were fabricated on both the MSM/HEMT and HEMT/MSM heterostructures for comparison. Fig. 2 shows dc measurements of two such devices at several optical intensity levels at 1.31 wavelength. The responsivity is virtually the same for MSM-PD's on the two structures, with measured values of 0.3 A/W for the HEMT/MSM structure and 0.28 A/W for the MSM/HEMT structure. The breakdown voltage of the MSM/HEMT structure is reduced compared to that of the HEMT/MSM structure (from 12.1 to 9.2 V), where the breakdown voltage has been taken to be the detector bias necessary to result in a dark current of 1 A for a (50 m) 2 active area. Additionally, the dark current is degraded from 1.6 nA in the HEMT/MSM structure to 11 nA in the MSM/HEMT structure at a detector bias of 5 V. Both effects are due to the combination of the imperfectly insulating quality of the semi-insulating InP barrier layer and the underlying heavily doped HEMT layers which are present in the MSM/HEMT structure but absent in the HEMT/MSM structure.
B. HEMT
Although the photodetector dictates the ultimate performance limits of a photoreceiver system, the practical limit is often imposed by the electronic amplifier used. As a result, the performance of the electrical devices used for amplification is of critical importance in determining the overall performance of the photoreceiver. To examine the effect of choice of integration approach on HEMT performance, HEMT's of varying gate length and width were fabricated on the MSM/HEMT, HEMT/MSM, and control HEMT heterostructures. The dc and microwave performance of devices fabricated in the MSM/HEMT structure was found to be virtually identical to those obtained using the control HEMT heterostructure. This indicates that the wet etching process used to selectively remove the photodetector layers from above the HEMT epilayers does not compromise HEMT performance. Fig. 3 shows the common-source transfer characteristics and transconductance of 0.2 m gate length HEMT's fabricated on the MSM/HEMT and HEMT/MSM heterostructures at a drain bias of 1 V. As previously noted, the MSM/HEMT and control HEMT exhibited essentially identical performance, and so only the MSM/HEMT structure is presented here. A summary of HEMT performance is included in Table I . Fig. 3 indicates that the peak drain current density and transconductance of the MSM/HEMT structure is slightly better than for the HEMT/MSM case. This difference is due almost entirely to variation in the obtained ohmic contact resistance between the two samples; for the MSM/HEMT sample in question, the contact resistance was 0.066 mm, while for the HEMT/MSM sample the contact resistance was 0.12 mm. These contact resistance values were determined by analyzing separate transmission line model structures fabricated alongside the HEMT's. Removing the effects of this variation in contact resistance results in intrinsic transconductances of 834 mS/mm for the MSM/HEMT and 795 mS/mm for the HEMT/MSM. The remaining variation is most likely due to the small difference in mobility and carrier concentration between the two nominally identical structures. The common-source characteristics of 0.2 gate length devices fabricated on the MSM/HEMT and HEMT/MSM heterostructures are shown in Fig. 4 (a) and (b), respectively. Of particular interest is the enhancement of the kink effect and output conductance for HEMT's made on the HEMT/MSM layer compared to the MSM/HEMT structure. The increased output conductance, in conjunction with the reduced transconductance from higher contact resistance, causes the maximum dc gain attainable with these devices to degrade from 20 for the control HEMT and MSM/HEMT heterostructures to 13 for the HEMT/MSM devices. The MSM layers beneath the HEMT serve as a less-than-ideal buffer for the HEMT, and thus enhance the kink effect, increase the differential output conductance, and degrade the obtainable voltage gain of the device.
The microwave performance of HEMT's on both the MSM/HEMT and HEMT/MSM heterostructures was also investigated. Fig. 5(a) and (b) shows the obtained shortcircuit current gain and maximum available gain for 0.2 m gate length HEMT's in the MSM/HEMT and HEMT/MSM structures. The unity current gain frequency for the MSM/HEMT is 115 GHz, with 102 GHz being obtained for the MSM/HEMT. The maximum frequency of oscillation,
, was found to be in excess of 150 GHz for devices made with the MSM/HEMT structure, but degraded to 62
GHz for the HEMT/MSM structure. Both and were found by extrapolation from the measured data at 20 dB/decade. Fig. 5(c) shows the frequency dependence of the real part of the gate admittance for 0.2 m gate length devices on the MSM/HEMT, HEMT/MSM and control HEMT heterostructures. As can be seen in Fig. 5(c) , the HEMT/MSM devices have a much more lossy gate admittance than either the MSM/HEMT or control HEMT's, which becomes especially severe at very high frequencies. Despite the significant difference in microwave gate admittance, the dc gate leakage current was found to be virtually identical for devices on the MSM/HEMT and HEMT/MSM structures. The significant difference in the gate admittances between HEMT fabricated using the MSM/HEMT and HEMT/MSM structures indicates that the comparatively poor performance of HEMT's fabricated on the HEMT/MSM structure is due to the imperfectly insulating quality of the MSM layers; the presence of the MSM layers beneath the HEMT results in parasitic loading of the HEMT's made with the HEMT/MSM structure. Since is more sensitive to device parasitics than is this performance metric shows the degradation more dramatically, and this effect also is apparent as an additional loss in the gate admittance.
For the photoreceivers in this work, the MSM/HEMT integration scheme was selected, despite the superior dark current performance of MSM-PD's fabricated in the HEMT/MSM structure. The dark current for MSM-PD's on both structures is less than 11 nA; thus the dark current-induced shot noise of the MSM-PD is expected to be insignificant in comparison to noise sources in the electrical amplifier. In this work, amplifier input referred noise current spectral densities as low as 7.5 pA/Hz 1/2 were obtained; a photodetector dark current of 11 nA is expected to contribute only 60 fA/Hz 1/2 to this figure. In addition, the severe microwave performance penalty incurred by the HEMT's on the HEMT/MSM structure make design of a wide-band low noise amplifier extremely difficult, whereas the MSM/HEMT structure poses no such difficulties. Thus, the MSM/HEMT structure was chosen because it allows for the best overall performance of the photoreceiver.
IV. DEVICE MODELING
For designing a high performance photoreceiver, it is essential to have a model that accurately predicts the performance of the photodetector. For this work, a physics-based model is used to calculate the transit-time limited impulse response of the MSM-PD geometry under consideration. The result of this calculation is then convolved with the transfer function of an appropriate equivalent circuit to properly account for such effects as device capacitance and lead inductance. The transittime limited intrinsic response is computed as previously reported [9] . For circuit simulations, the computed transittime limited intrinsic impulse response is fit to an appropriate analytic expression for computational efficiency. Also shown on this figure is the function used to model this impulse response in the circuit simulation program. We have found that the sum of two half-Gaussians (one for electrons, one for holes) matches the computed response quite well. Thus in the time domain, the approximate analytical function used for the impulse response is
(1) is the unit step function, and are the magnitudes due to electrons and holes, and and are the halfwidths of the Gaussians for electrons and holes, respectively. All of the parameters above are fit to the computed transit-time limited intrinsic response using a nonlinear least squares fit routine. Table II shows the various parameters used for the different detector geometries. Fig. 7 shows the equivalent circuit used for computing the extrinsic response of the photodetector. In this figure, the ac current source shown has a frequency response given by the Laplace transform of the analytic approximation to the computed intrinsic impulse response, and the dc current source is used to model the dc component of the photocurrent and the dark current. The component values for the various circuit elements were determined experimentally for the device layout under consideration by fitting -parameter measurements of dark photodetectors under bias to this circuit model. Table III shows the circuit parameters obtained experimentally for (50 m) 2 area detectors with the various electrode geometries examined in this work. Using these experimentally determined extrinsic elements in conjunction with the approximation of the computed intrinsic impulse response allows efficient simulation of the frequency response of the MSM-PD. Fig. 8 shows the simulated frequency response of detectors with 0.5 m electrode widths and 1 and 2 m interelectrode spacings into a 50-load. Fig. 8 also shows measurements of detectors with these geometries for comparison with the model, thus verifying the quality of the match between the simulation and measured performance. The simulation does not require the use of any adjustable parameters to achieve the agreement between the simulation and measured results.
The Hewlett-Packard Root model was used to model the HEMT's for the circuit designs considered [10] . This large- signal circuit model is a measurement-based, scalable model that we have found to describe both the dc and microwave characteristics of the HEMT's used in this work with good accuracy. The Root model accurately describes HEMT's biased with gate voltages from threshold to approximately 0.1 V. For gate biases outside of this range, the microwave performance predicted by the model deviates from the measured performance of the devices. The scalability of the model was also verified, and found to fit devices ranging in widths over a factor of more than seven.
V. RECEIVER DESIGN AND PERFORMANCE
The circuit designed for the monolithic photoreceiver is shown in Fig. 9 . This transimpedance design incorporates a common-gate HEMT for control of the transimpedance gain and the circuit bandwidth. The amplifier circuit design is the same as reported previously [7] . Fig. 10(a) and (b) show the simulated dc transfer characteristics for the amplifier alone and the measured results from an amplifier without a photodetector, respectively. The circuit simulation predicts that transimpedances ranging from 4100-90 should be obtainable by varying the voltage applied to the gate of the feedback HEMT. This agrees well with the measured transimpedance range of 5400-72 .
The high frequency optoelectronic performance of the photoreceivers was also simulated; Fig. 11(a) and (b) show the Table IV summarizes the 3 dB bandwidth and responsivity for this receiver. In all cases, the simulation predicts the actual performance to within only a few percent error without the use of any adjustable parameters in the simulation.
For applications in digital telecommunications, the noise performance of the photoreceiver is also of critical importance. In order to assess the noise performance of these photoreceivers, measurements of the output noise power spectral density were made. Fig. 12(a)-(c) shows the input-referred noise current spectral density for photoreceivers with different detector electrode geometries. The feedback voltage bias chosen for each plot was selected so that the bandwidth of the photoreceiver was sufficient to allow operation at 10-20 Gb/s (corresponding to bandwidths of 8-13.7 GHz, respectively) in the case of the 1 m interelectrode spacing [ Fig. 12 (a) ] and 10 Gb/s (corresponding to a bandwidth of approximately 6.3 GHz) for the 1.5 and 2 m interelectrode Fig. 12(b) and (c) ]. For the photoreceiver with the 1 m MSM interelectrode spacing, an average noise current spectral density of 8 and 12 pA/Hz 1/2 was obtained for feedback voltage settings corresponding to 8-13.7 GHz bandwidths, respectively. The average input noise current was computed for the frequency range over which the input noise current is approximately constant, which corresponds to frequencies between the noise corner frequency and the 3 dB cutoff frequency of the amplifier. Similarly, the average input noise spectral density was found to be 7.5 pA/Hz 1/2 for a photoreceiver with a 1.5 m interelectrode spacing with a 6.3 GHz bandwidth, and 9.6 pA/Hz 1/2 for a photoreceiver with a 2 m interelectrode spacing and a 6.5 GHz bandwidth. Integration of this input-referred noise current over the noise bandwidth of the receiver allows one to project the anticipated sensitivity of the receiver. For estimation of the sensitivity, the following expression was used: (2) where is the bit rate of the data stream, dB is the bandwidth of the photoreceiver, SNR is the minimum signalto-noise ratio required to achieve the desired bit error ratio, is the detector responsivity, and is the rms inputreferred noise current. The estimate of sensitivity obtained in this way is a lower limit, since several practical considerations make achieving this limit difficult. In particular, this calculation assumes that the photodetector bandwidth is sufficiently large so that can be considered to be constant with respect to frequency. In addition, the calculation neglects any type of intersymbol interference other than that due to the finite bandwidth of the photoreceiver preamplifier, which is assumed to exhibit a one-pole frequency response. If peaking is present in the frequency response of the photoreceiver, additional intersymbol interference should be expected. Table V shows the projected sensitivity for the three photodetector electrode geometries. The projections based on calculations from output noise power are optimistic as expected; the main source of error can be determined by examining Fig. 13 , which shows the obtained eye diagram at 5 Gb/s and 11 dBm optical input power. This eye diagram was obtained for a photoreceiver with a (25 m) 2 area detector with 1 m interelectrode spacing. As can be seen in the eye diagram, intersymbol interference is observed despite the large obtained small-signal 3 dB cutoff frequency of 8 GHz and lack of peaking in the frequency response. The timing jitter present in the eye diagram did not allow for direct measurement of the bit error rate, despite the open eye pattern obtained. Further experiments are underway to ascertain the source of the intersymbol interference. 
VI. CONCLUSIONS
The design and fabrication of high-performance monolithically integrated MSM-HEMT photoreceivers have been presented. Bandwidths of up to 18.5 GHz have been obtained experimentally, and low average input noise current spectral densities from 7.5 to 12 pA/Hz 1/2 have been measured. The amplifier topology chosen uses a common-gate HEMT as a feedback element, and thus allows tuning the gain and bandwidth of the photoreceiver. In this way, transimpedances from 55.8 to 38.1 dB can be obtained for bandwidths from 6.3 to 18.5 GHz. Open eye diagrams have also been measured for a packaged photoreceiver. The performance trade offs associated with both the HEMT/MSM and MSM/HEMT approaches to device integration have been evaluated, as has the effect of MSM-PD electrode geometry on overall 
